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VOLUME CONSTANCY (VC) is a fundamental property of all living cells, and its maintenance involves adjustments of transmembrane ion and obligatory water flow through channels and transporters, processes coined volume regulatory decrease (RVD) and increase (RVI) in response to physiological or biochemical stimuli causing cell swelling and shrinkage, respectively (16, 25, 31, 33) . This paradigm is expected to apply to the human lens epithelial cell (LEC), which as part of a monolayer under the lens capsule covering the anterior lens portion, critically contributes to lens integrity and hence transparency through LEC to lens fiber cell (LFC) transdifferentiation. In general, ion transporters (electroneutral or electrogenic), channels (particularly K, Na, Cl), and water fluxes have been studied in animal and human LECs under isosmotic conditions (9, 18, 34, 38, 44) , but little is known about their interplay during RVD or RVI despite the LEC to LFC transition apparently involving changes in cell volume and membrane K permeability (43) .
Hyposmotic swelling-induced RVD, studied foremost in red blood cells (30, 35) , Ehrlich ascites tumor cells (25) , human embryonic kidney (HEK) 293 cells (22) , and a variety of other model systems, is due to activation of electrogenic and electroneutral K exit mechanisms such as K and Cl channels (24) , K/H exchange (6, 8) , K-Cl cotransport (KCC) (1) , and organic solute transport (20) while RVI-mediating electroneutral Natransporters, such as Na/H exchange (42) and Na-K-2Cl cotransport (NKCC) are silenced. Conversely, during RVI, the NKCC, Na/H exchange, amiloride-sensitive channels related to epithelial Na channels (ENaC), and unrelated amiloride-insensitive hypertonicity-induced cation channels (HICCs) (62) , and organic solute transporters (20) are activated to restore ionic and solute homeostasis (31) . The cell's volume set point (VSP) is defined thermodynamically as a state between RVD and RVI where conservatory and dissipating ion and solute transport activities balance each other and are at their lowest activity to maintain cellular steady state (35, 42) .
Under isosmotic conditions, cultured rabbit and human LECs share a rather significant NKCC activity due to the secretory NKCC1 isoform associated with above-equilibrium Cl levels (4), whereas KCC can be only detected after chemical activation using the thiol reagent N-ethylmaleimide (NEM), which simultaneously inactivates NKCC (34) . These findings lead to our hypothesis that the VSP in LECs may be shifted to higher osmolalities explaining a relatively increased NKCC and an attenuated KCC activity, a shift that should be remedied by hyposmotic swelling causing activation of KCC and inactivation of NKCC. To approach this question, it was necessary to first functionally and molecularly characterize the hitherto unknown ion transport mechanism underlying RVD in cultured human LECs.
Results show hyposmotic challenge of human LECs activated K loss and Rb entry through apparently intermediate conductance Ca-activated K channels (IK, K Ca 3.1), detected by reverse transcriptase polymerase chain reaction (RT-PCR), Western blot analyses, and immunohistochemistry. Accordingly, K loss was prevented by replacing external Na with K ions by clotrimazole (CTZ) and partially by 1-[(2-chlorophenyl) diphenylmethyl]-1H-pyrazole (TAM-34). Blockage by (dihydro-indenyl)oxy]alkanoic acid (DIOA), and phloretin and partial inhibition by high concentrations of 4-2(butyl-6,7-dichloro-2-cyclopentylindan-1-on-5-yl)oxybutyric acid (DCPIB), niflumic acid (NA), and 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) suggest involvement of commensurate anion fluxes, possibly via volume-sensitive outward rectifying (VSOR) Cl channels.
MATERIALS AND METHODS

Reagents
Chemicals. Analytic grade chemicals such as NaNO3, MgCl2, perchloric acid (PCA), DMSO, Tris, HEPES, KCl, NaOH, and fetal bovine serum (FBS) were procured from Fisher Scientific (Fair Lawn, NJ); ultrapure RbCl and RbNO 3 were from Alfa (Danvers, MA); NaCl was from Calbiochem (La Jolla, CA); bovine serum albumin (BSA), CaCl 2, NEM, sulfamic acid, N-methyl-D-glucamine (NMDG), and 3-[N-morpholino] propane sulfonic acid (MOPS) were from Sigma Chemical (St. Louis, MO); and CsCl, glucose, penicillin, streptomycin, and amphotericin were from Invitrogen-Life Technologies (Carlsbad, CA).
Inhibitors. Ouabain, bumetanide, gadolinium-Cl (GdCl 3), quinine, quinidine, DIDS, glibenclamide (Glb), 4-aminopyridine (4-AP), triethylammonium (TEA), apamin (AP), tamoxifen (TX), anthracene-9-carboxylate (9AC), 18␤-glycerrethinic acid (GA), flufenamic acid (FA), NPPB, mibefradil (MF), octanol, DIOA, phloretin, DCIPB, 1-[(2-chlorophenyl) diphenylmethyl]-1H-pyrazole (TRAM-34), and clotrimazole (CTZ) were procured from Sigma Chemicals, furosemide was from Hoechst Roussel Pharmaceuticals (Somerville, NJ), niflumic acid (NA) was from Calbiochem, and Ba was from J. T. Baker (Phillipsburg, NJ).
Molecular and immunological tools. RNAgents Total RNA Isolation System was purchased from Promega (Madison, WI), ThermoScript RT-PCR System plus Platinum Taq DNA polymerase was from Invitrogen (Carlsbad, CA), and human primers were from Integrated DNA Technologies (Coralville, IA).
The Mem-PER protein extraction kit, Halt protease inhibitors cocktail, and PAGEprep protein clean up kit were from Pierce Biotechnology (Rockford, IL). A horseradish peroxidase (HRP)-coupled donkey anti-rb IgG (HϩL) for Western blot analysis and a Cy3-labeled donkey anti-rb IgG for immunofluorescence were procured as secondary antibodies from Jackson Immunoresearch Laboratories (West Grove, PA), and fluorescein-labeled donkey anti-rb IgG secondary antibody was from Vector Laboratories (Burlingame, CA). Lumi-Light Western Blotting substrate was obtained from Roche Diagnostics (Indianapolis, IN), and Fujifilm Super RX autoradiography film was from Fisher Scientific (Fair Lawn, NJ).
Solutions and Media
Balanced salt solution (BSS-NaCl) consisted of 20 mM HEPESTris buffer (pH 7.4) containing (in mM): 132 NaCl, 5 KCl, 2 CaCl 2, 1 MgCl2, and 10 glucose. In BSS-NaNO3 and BSS-Na-Sf (sulfamate) media, NO3 or methyl-Sf, respectively, was substituted for Cl in K, Rb, and Na salts and gluconate in the Ca and Mg salts. BSS-NMDG-Cl or sulfamate contained NMDG-Cl or Sf substituting for Na on an equiosmolal basis. Stock solutions (in M) of 1 NEM, 2 ϫ 10 Ϫ1 ouabain, and 2 ϫ 10 Ϫ3 bumetanide were made in DMSO or ethanol, and all other chemical reagents were dissolved in deionized water. The 300 mosM washing solution contained 112 mM MgCl 2 and 10 mM Tris-MOPS (pH 7.4) at 4°C. In general, in the experiments with lower osmolalities, sucrose was used as filler solute while keeping the ionic strength constant. Osmolalities were determined with an Advanced Micro-Osmometer, model 330 (Advanced Instruments, Norwood, MA). For convenience, throughout the text, but not in the figures, osmolality (osmol/kg H 2O) was abbreviated as mosM, the term for milliosmolarity (mosM/l H 2O) as the density of water is close to one.
Human Lens Epithelial Cell Cultures
Primary human lens epithelial FHL124 cells were kindly donated by Professor John Reddan (Oakland University, MI). Their nature and relatedness to fresh human epithelial cells is emphasized in the first paragraph of RESULTS. Culture flasks were coated with liquefied 0.1-0.2 mg gelatin (G1393)/cm 2 and subsequently dried for at least 2 h. Cells from passages 16 -25 were grown on gelatin in a humidified atmosphere with 5% CO 2 at 37°C in a 1:4 mixture of KGM (CC-3001) from Clonetics-BioWhittaker and medium 199 (M199, M5017) from Sigma, in the presence of antibiotics (50 g gentamicin/ml M199; KGM comes complete with antibiotics) and 10% of a 1:1 mixture of heat-inactivated horse serum (Sigma H1138) and FBS (F4135), or 10% FBS. Cells were split after being rinsed with Ca-Mg-free phosphate-buffered saline (PBS, Sigma D8537). After being warmed to 37°C and addition of 1 ml trypsin-EDTA solution (T3924), cells were incubated at 37°C for 10 min, neutralized with 3-5 ml complete growth serum containing medium, and centrifuged for 3 min. The supernatants were discarded, and the cell pellets were resuspended to known volume for cell counting and seeded in gelatincoated 12-well culture plates at required densities.
Ion Fluxes
The general strategy, adapted from previous publications (2, 34) , was to remove the culture media from the 12-well plates, wash the confluent LEC cultures with BSS-NaCl at 37°C, and equilibrate them with BSS-NaCl-BSA for 10 min at 37°C to permit manipulations needed to alter the transport rates such as replacing Cl with Sf or NO 3, adding inhibitor or activator drugs like NEM, or preexposing the cells to BSS-NACl-BSA with different osmolalities. Thereafter, cells were exposed to the actual flux media, usually BSS-Rb/NaCl-BSA, BSS-Rb/NaSf-BSA, or BSS-Rb/NaNO 3-BSA before commencement of Rb uptake and K loss usually during a period of 5-15 min. BSA (0.1%) was included to stabilize cells during washings. The contaminating presence of 184 M Na did not affect the outcome of the experiments. Details deviating from these procedures will be addressed in the description of the experiments and are also noted in the figures. The K congener 85 Rb has been shown in many publications to accurately substitute for K in these uptake measurements. In the basal studies, 10 mM Rb was used to maximize the signal and maintain a concentration close to the K m values for KCC as in previous studies (34) , and Rb uptake and Kc loss were stopped by washing the cells with the ice-cold washing solution (see Solutions and Media). Ions were extracted with 5% perchloric acid and protein determined after being solubilized in 1 N NaOH using the bicinchonic acid (BCA) method. K was measured with a Na-K lamp and Rb by flame emission using a Perkin Elmer 5000 atomic absorption spectrophotometer (Norwalk, CT).
Operationally, as shown in earlier kinetic studies, K c loss was measured from the cis (inside) to the trans side (outside), whereas Rb uptake was measured from the trans to the cis side in the absence of external K. 
Cell Water
Four 35-mm diameter gelatin-coated culture plates per condition were dried at 80°C until tare weight (TAW) constancy. FHL124 cells were then seeded onto these plates and grown to confluence, the growth medium was removed, the cells were washed with isosmotic BSS-NaCl-BSA and exposed for 15 min to BSS-Rb/NaCl-BSA or BSS-Rb/KCl-BSA flux media of different osmolalities (150 to 300 mosM, with sucrose filling the difference between the two values). Supernatants were quantitatively removed with a micropipette. Plates were immediately weighed for total weight (TOW) and then dried at 80°C for 48 h until weight constancy to obtain the wet weight (WWT ϭ TOW Ϫ TAW). NaOH (1 ml, 1N/well) was added and the protein determined by the BCA method. The water content in microliter per milligram protein was calculated from the ratio of WWT per milligram protein per well.
Molecular Biology (RT-PCR)
cDNA synthesis was performed with the Thermoscript RT-PCR system. Total RNA was isolated from FHL124 cells using RNAgents Total RNA extraction kit, as recommended by the manufacturer. After 5 g of DNase digested RNA to random hexamer primers was annealed, cDNA was prepared using ThermoScript reverse transcriptase enzyme following the manufacturer's instructions. Briefly, RNA and primers were denatured by incubating at 65°C for 5 min and placed on ice. To the sample tube containing denatured RNA and primers, the following were added: 4 l of 5ϫ cDNA synthesis buffer, 1 l 0.1 M dithiothreitol (DTT), 1 l RNaseOUT (40 U/l), 1 l DEPC-treated water, and 1 l ThermoScript RT (15 U/l). The mixture was transferred to a thermal cycler preheated to the appropriate cDNA synthesis temperatures and conditions.
To verify the presence of calcium-activated K channels at the mRNA level, oligonucleotide primers were chosen against the human sequences of K Ca3.1 (IK) channels: sense and anti-sense primers were TCTCAATCAAGTCCGCTTCC and AGCATGAGACTCCTTC-CTGC, respectively, predicting a product of 457 bp. Human ␤-actin served as control. Two sets of primers were used to identify the presence of KCC isoforms as listed in Table 1 . Products were then verified with ethidium bromide after 2% agarose gel electrophoresis.
SDS-PAGEL and Western Blotting
Membrane proteins were extracted with the Mem-PER eukaryotic protein extraction reagent kit in the presence of the Halt protease inhibitors cocktail, following manufacturer's instructions. Primary antibodies against K Ca3.1 (IK) channels were obtained from Alomone Laboratories (Jerusalem, Israel) and used in a 1:200 dilution as per manufacturer's protocol together with HRP-coupled donkey antirabbit IgG in a 1:5000 dilution. The blot was exposed 5 min to Lumi-Light Western Blotting substrate and subsequently to X-ray film (Fisher Scientific, Fair Lawn, NJ).
Immunofluorescence Staining and Microscopy
FHL-124 cells were plated on a Lab-Tek Chamber-Slide Culture Chambers (NUNC) at a density of 6 ϫ 10 4 cells/well as previously described (40), simultaneously permeabilized and fixed in a freshly prepared 4% paraformaldehyde and 0.01% saponin solution for 30 min at 4°C, washed three times with PBS (0.5 ml/well) for 5 min each, incubated at 4°C for 1 h with a nonspecific blocking agent (3% normal goat serum in PBS), and then incubated overnight at 4°C with a 1:100-fold diluted primary antibody followed by the secondary antibody, a Cy3-conjugated donkey anti-rb IgG (1:250). Images were obtained with a Nikon Labophot epifluorescence microscope (Nikon) under a ϫ10 objective using SPOT digital color camera (Diagnostic Instruments, Sterling Heights, MI) and analyzed using SPOT Advanced image analysis software (Diagnostic Instruments).
Statistical Analysis
Unpaired or paired Student's t-tests and one-way ANOVA tests for multiple intergroup differences were calculated with STATISTIX 7 (Analytical Software, Talahasse, FL) and Origin (Originlab, Northampton, MA). P values are indicated in the figure legends, and P Ͻ 0.05 was considered statistically significant.
RESULTS
Choice of Primary Human Lens Epithelial Cells (FHL124 Cell Line)
Based on several publications (13, 37, 61, 64, 65) and an unpublished gene chip analysis given to us for comparison by the late Professor George Duncan, School of Biological Sciences, University of East Anglia, Great Britain, the properties of the FHL124 cells are 99.5% close to freshly obtained human LECs [presence of crystallins, PAX6, FOXE3, TGF␤ receptors, phospholipids synthesis, other factors and growth response to thrombin (26) ].
Basic K Influx Components
The K uptake kinetics in FHL124 cells are unknown and were first established using Rb as K congener (32) . Figure 1A shows the time course of Rb uptake in uninhibited (total), and in 0.1 mM ouabain, and Ϯ5 M bumetanide-treated LECs. Because Rb uptake was nonlinear, with a 5-min point closest to initial rates without compromising the Rb signal, Rb uptake was stopped at 5 min in most experiments, and Rb influx data were calculated in terms of nanomoles Rb per [milligram protein ϫ 5 min]. Figure 1B defines the major K influx components and their response to NEM, a well-characterized stimulator of KCC (1) . Shown are total (white columns), Na-K pump (vertically striped column), NKCC-(diagonally striped column) and KCC-(black columns) mediated Rb influxes as well as [ouabainϩbumetanide]-resistant and Cl-independent Rb inward leak in Sf media (horizontally striped columns) before (None) and after NEM treatment. Consistent with an earlier report on K (Rb) fluxes in immortalized human B3 LECs (34), 
KCC, K-Cl cotransport; S, sense primer; AS, antisense primer.
the Na-K pump, NKCC, and KCC constituted about 49, 40, and 6% of the total Rb influx. Hence Ͼ95% of K influx was carrier-mediated K transport. The presence of KCC was further secured by applying the pharmacological modifier NEM. As shown recently in B3 LECs (34), 0.05 mM NEM inactivated NKCC and activated KCC (P Ͻ 0.05) also in FHL124 cells, presumably by the inverse regulation proposed for both transporters by protein kinases and phosphatases (27, 33, 34) .
Response of Major K in Flux Pathways to Hyposmotic Stress
After equilibration of LECs for a total of 10 min in BSSNaCl-BSA with osmolalities ranging from 300 to 150 mosM, total Rb influx, measured during subsequent 5 min in BSSRbCl-NaCl-BSA media, increased significantly at 200 and 150 mosM (P Ͻ 0.05) as shown in Fig. 2A . This increase appeared to be due to a small but significant increase (P Ͻ 0.05) of the Na-K pump but even more to a doubling (P Ͻ 0.05) of the "leak" Rb influx in Cl media probably mediated by ion channels since the low activity of KCC was practically unaltered. Whereas KCC was not stimulated by hyposmotic swelling, NKCC activity, rather than being silenced as expected, increased significantly at 250 and 200 mosM, whereas at 150 mosM it fell to near the starting values at 300 mosM. To gain further insight into the time dependence of the response of NKCC to hyposmotic stress, Fig. 2B shows the bumetanidesensitive (filled circles and squares) and Cl-dependent (open symbols) Rb influx through NKCC as well as KCC after 10-versus 30-min preincubation at decreasing extracellular osmolalities. The Cl-dependent NKCC activity (open symbols) was significantly higher than the bumetanide-sensitive NKCC (closed symbols) due to inclusion of the osmolality-independent Cl-dependent KCC seen at the bottom of Fig. 2B . It is readily apparent that significantly higher NKCC activities were obtained at 150 mosM after 30 min rather than after 10 min incubation. Since cell swelling in hyposmotic media should have inactivated NKCC and activated KCC, the data suggest these LECs already had completed RVD with ion loss and cell shrinkage greater after 30 min than after 10 min preequilibration, the apparent cause of the seemingly paradoxical activation of NKCC and lack of KCC response.
To secure that FHL124 cells indeed possess the mRNA for the KCC1, three and four isoforms previously shown in B3 cells, RT-PCR was performed using two different sets of human primers. Figure 3 shows that FHL124 cells indeed possess these isoforms but in addition, and unexpectedly, strong evidence for KCC2, the isoform thus far restricted only to neurons (45) . Preliminary experiments with the respective antibodies confirmed the presence of isoform-specific protein bands (not shown). Interestingly, a second KCC2 spliced variant, KCC2a, has been recently reported (58) in rat testis, which is different from the previously reported KCC2(b) isoform by 40 NH 2 -terminal amino acid residues. The primers used in our studies are downstream from exon 1 encoding for this isoform variance, and future studies are planned to verify this isoform in FHL124 cells.
Response of Cell K and Water to Hyposmotic Stress
In Na media, loss of cellular KCl and water should have occurred during RVD. Figure 4 shows an experiment in which K c was determined 15 min after exposure to Cl (Fig. 4A) or Sf (Fig. 4B ) media with osmolalities from 300 to 150 mosM, in the absence and presence of ouabain and of [ouabainϩ bumetanide]. Independently of the anion, at lower than 250 mosM, K c fell significantly by ϳ45%, and, as expected, was independent of Na-K pump and NKCC inhibitors present. By definition, the K c loss in Sf minus that in Cl constitutes KCC activity (Fig. 4B, inset C) , which was insignificantly small and osmolality independent. To decide whether osmolality or ionic strength or both were responsible for the K loss, K c was measured after 15 min equilibration in 300 mosM full ionic strength and half ionic strength (sucrose replacement). Figure 5 shows that K c was identical in isosmotic Ϯ sucrose Cl flux media and was lowered by ϳ43% only in 150 mosM hyposmotic media without sucrose, indicating that indeed, the K c loss was due only to osmotic and not to low ionic stress. Results were similar in Sf, although K c was somewhat, but not statistically significant, lower than in Cl.
Water follows K and Cl efflux during RVD. Figure 6A shows net determination of cell water in LECs exposed for 15 min to hypotonic Na media with the Na concentrations indicated in parentheses. Consistent with the data in Fig. 5 , at osmolalities lower than 250 mosM, cell water decreased by about 40% in zero-trans-K Na media, a result that did not change significantly at 30 min of incubation (Fig. 6B, open triangles vs. open circles). However, in the presence of only external K (zero trans-Na), cell water fell insignificantly by ϳ10% as the osmolality and external K concentrations (numbers in parentheses are in mM) decreased (Fig. 6B, closed  squares) . Hence, the RVD was significantly attenuated (P Ͻ 0.005) in high K media, commensurate with involvement of a K channel.
The kinetics of osmotically induced K c loss through the putative K channel are shown in Fig. 7 , which compares K c loss within 15 min after change to either 300 (Fig. 7A) or 150 ( Fig. 7, A and B) , the relative individual K c efflux rate coefficients ( c k K ) in 300 mosM Cl Ϯ [Rb] o were 0.0035/min (n ϭ 8) and 0.0015/min (n ϭ 4), respectively, and 0.0046/min in 300 mosM Sf. In contrast, the corresponding c k K values in 150 mosM Cl, Cl-Rb, and Sf media were 0.047/min, 0.057/min, and 0.055/min, indicating a Ͼ10-fold increase in the K permeation rate upon hyposmotic stress that was apparently independent on the anion present, suggesting the absence of a Cl-dependent mechanism in this process. The c k K values 0.0031 and 0.051 given in the insets of Fig. 7 are means of pooled experiments (n ϭ 12) either in 300 or 150 mosM solutions, respectively. Since the time constant for K equilibration () equals 1/ c k K , the calculated was 323 min, i.e., Ͼ5 h, for cells in isosmotic and only ϳ20 min in hyposmotic solutions. Hence, swollen cells exchanged K at least 16 times faster than isosmotically suspended cells.
Independent of its transport of K, the putatively RVDmediating K channel also recognized Rb as shown in Fig. 8A , where the Rb uptake over 10 min in 200 mosM media with increasing [Rb] o displayed hyperbolic behavior; i.e., saturated with time. Recalculation of the data in terms of Rb influx at the three time points tested versus the applied [Rb] o (Fig. 8B) yielded perfectly linear relationships with slopes declining with time suggesting that, like K, Rb traversed a K channel and not a carrier-mediated system. The inset in Fig. 8B shows that the ln Rb influx calculated from the slopes declined with time, yielding an apparent or relative inward rate coefficient (k i ) of Ϫ0.059/min; i.e., a time constant ϭ 1/k i equal to 17 min, which is similar to that measured for K c loss.
Functional and Pharmacological Nature of the Hyposmotically Stimulated K-Selective Channel
The evidence thus far suggests that K efflux or Rb influx is elevated by at least an order of magnitude in response to hyposmotic swelling. According to Ussing ϪzFE/RT is the membrane potential term with z, F, E, R and T with their usual meanings. This relationship only holds for one particular ion and not for any related ion (57) . To test the "Ussing" behavior of the hyposmotically activated K channels, [K] o was raised in exchange for Na from 0 to 56 mM main- taining the total osmolality at 200 mosM during 10 min hyposmotic challenge, and K c was determined after all external K (K o ) was removed by washing with a buffered Mg solution as described in MATERIALS AND METHODS. Figure 9A shows that K c loss in media of increasing [K] o was sharply reduced. The rate of K c loss was calculated from the ln K c as described in Table 2 shows that neither inhibitors of the Na/K pump (ouabain) nor of NKCC and KCC (furosemide, bumetanide) reduced hyposmotically induced K c loss, and various inhibitors of Ca-activated K channels listed here in accordance with the nomenclature recently published by the International Union of Pharmacology (63) , such as high conductance (K Ca 1.1, BK) K channels (TEA, Ba, Gd, Quinine), small conductance (K Ca 2.1, K Ca 2.2, K Ca 2.3; i.e., SK1, SK2, SK3) K channels (apamin), and stretch-and voltage-activated K channels (glibenclamide, 4-AP) were without effect, as were four inhibitors reported for connexin hemichannels (18␤GA, FA, NPPB, 2-octanol) (15) . Clotrimazole (CTZ), which like charybdotoxin also inhibits K Ca 1.1 channels (63), has been documented as a potent inhibitor (K d in the nanomolar range) of the Gardos K channel in human red blood cells (7, 36) that, based on work in mouse erythroleukemia cells (59) , has been classified as an intermediate conductance (K Ca 3.1 or IK) channel. In the experiment in Fig. 10A , K c was determined at 2.5, 5, and 10 min after exposure to 150 and 300 mosM zero-trans K with 10 mM trans-Rb media with increasing CTZ concentrations. Results show that CTZ progressively inhibited and completely prevented K loss at 50 M with an IC 50 of about ϳ25 M, in the presence of 0.1 mM ouabain Ϯ 5 M bumetanide in 150 mosM media but had no effect on the K loss in 300 mosM media (open symbols). Figure 10B shows that CTZ had no effect in 300 mosM media (open symbols), whereas it inhibited with high significance the swelling-induced Rb influx as a function of concentration, almost completely at 50 M CTZ. Figure 11 shows that TRAM-34, a more recently recognized selective inhibitor of IK channels (63) , reduced the loss of cell K in 150 mosM Cl or NO 3 media (P Ͻ 0.005) at concentrations of 50 M and higher while exerting weak, but significant, effects on Rb influx above 30 M consistent with a partial and perhaps asymmetrical inhibition of the hyposmotically induced K/Rb flux.
That K loss and Rb influx occur through both a CTZsensitive and partially TRAM-34-sensitive mechanism suggests K Ca 3.1 or IK channels are the primary cation transport systems during RVD of hyposmotically challenged FHL124 
Role of Anion Channels in Hyposmotically Induced K Loss by Putative IK Channels
Several anion channel inhibitors such as DIDS, furosemide, TX, 9AC, and MF failed to block K c loss ( Table 2 , experiments 5-10), although DIDS inhibited Rb influx in 150 mosM media by 32% (P Ͻ 0.005), an effect most likely due to inhibition of KCC-mediated influx (data not shown). However, DIOA abolished K c loss (Fig. 12A ) better in NO 3 than in Cl media and Kc, cell K; Ouab, oubain; Bum, bumetanide; 9AC, anthracene-9-carboxylate; NA, niflumic acid; 4-AP, 4-aminopyridine; TEA, tetraethylammonium; TX, tamoxifen; NPPB, 5-nitro-2-(3-phenyl-propylamin benzoic acid; MF, mibefradil; DCPIB, 4-2(butyl-6,7-dichloro-2-cyclopentylindan-1-on-S-yl) oxybutyric acid; GA, 18␤-glycerrethinic acid; FA, flurenamic acid. Open rhomboids for 10 min in 300 mosM and filled squares, circles, and triangles for 2.5, 5, and 10 min in 150 mosM solutions. Lines in A are Lorentzian and in B linear fits generated by the Origin Software. n ϭ 4; values are means Ϯ SE. *P Ͻ 0.05 and **P Ͻ 0.005 vs. zero drug concentration. highly significant (P Ͻ 0.005) at concentrations higher than 100 M. This clearly means that DIOA did not inhibit a Cl-dependent K loss through KCC as recently shown in corneal epithelial cells (10) . DIOA reduced Rb influx in hyposmotic Cl but appeared to stimulate in NO 3 , as shown in Fig. 12B , producing negative values as indicated by dCl (filled circles), again consistent with absence of an effect on the KCC mechanism.
A widely used, yet highly nonselective, anion channel blocker is phloretin. Figure 13A reveals that this drug, at 0.25 mM and higher, significantly inhibited hyposmotically induced K loss in NO 3 but failed to do so in Cl media. In addition, it apparently accelerated K loss even in 300 mosM isotonic media, suggesting unspecific effects on the membrane permeability. Nevertheless, a significant inhibition (up to Ͼ50%) of hyposmotically stimulated Rb influx occurred in both Cl and NO 3 between 0.25 and 0.75 mM, as shown in Fig. 13B . Table  2 , experiment 79, shows data from a dose-response study in which only the highest concentrations (100 M) of two anion channel blockers NA and NPPB inhibited hyposmotic K c loss by ϳ13 and 25%, respectively, which is not much different from the nonsignificant 7 and 17%, respectively, in the earlier experiments 5 and 10. The observation that NA, NPPB, and furosemide enhanced K c retention (experiment 79) in cells maintained in isosmotic media awaits further elucidation. In contrast, DCPIB reduced hyposmotic K c loss by 61% at 50 M (experiment 70). Figure 14 shows the RT-PCR product of 457 bp for the primers listed in MATERIALS AND METHODS to detect K Ca 3.1 channels in these FHL124 cells. As a positive internal control, ␤-actin was used and ϪRT served to eliminate the presence of genomic DNA. Thus the mRNA for IK was confirmed in FHL124 cells. Figure 15A displays the Western blot analyses obtained with FHL124 membrane protein extracts and commercially available IK-antibodies. The presence of IK channels is demonstrated by ϳ75-and 50-and 37-kDa protein bands in the FHL124 cells (lanes 1 and 2) compared with the positive control of rat brain extract (lane 3). The sizes of the protein bands suggest that the larger molecular weight protein is commensurate with the approximate molecular weight of the IK channel based on the number of amino acids present in the native or cloned proteins (63) , whereas the smaller peptides most likely constitute breakdown products. Figure 15B shows the immunohistochemical evidence IK channels in FHL124 cells with the same antibodies used in the Western blot analyses. There was cytoplasmic as well as membrane staining, with special intensity of channel proteins present in mitotic cells (as indicated by arrows). An increased staining of ion channels and transporters during mitosis signifies volume changes probably requiring upregulation of these transporters.
Molecular and Immunochemical Evidence for the Presence of Ca-Activated IK Channels in FHL124 Cells
DISCUSSION
This study originated in the attempt to determine swellingactivated KCC and inactivated NKCC under hyposmotic conditions, constituting a logical followup of our earlier work on chemical modification of these transporters under isosmotic conditions (34) . Like B3 cells, FHL124 cells possess both a robust Na/K pump, the NKCC and a small, but NEM-augmented, KCC activity, together accounting for Ͼ80% of Rb influx activity (Fig. 1) . One explanation for the persistency of NKCC activity and lack of hyposmotic response of KCC (Fig.  2) was to assume these LECs possess powerful RVD mechanisms eliciting NKCC activation and KCC inactivation through its putative signaling cascades. An alternate interpretation of the unexpected inverse behavior of NKCC and KCC (Fig. 2) , to be detailed in future studies, is the possible contribution of KCC2 (Fig. 3) , presumably KCC2a, to the overall K-Cl cotransport activity perhaps through hetero-or homo-oligomerization with NKCC1 or its own isoform partners KCC1, KCC3 and KCC4. This type of protein-protein interaction, involving COOH-terminal protein segments of these transport isoforms, has been recently reported in the oocyte model injected with cRNA of KCC1-4 and NKCC1 isoforms (52) .
Our study presents novel evidence for the presence of swelling-activated K channels mediating cell water loss and hence RVD (Figs. 4 -8 ) not yet reported for human LECs. This increase in K membrane permeability was solely due to osmotic differences (Fig. 5 ) and was associated with commensurate cellular water loss (Fig. 6A) , which at 150 mosM was about 30%, and hence somewhat smaller than the K c loss seen in Fig. 4 , probably due to the robust NKCC inward flux activity. The aggregate mean rates of K c loss ( c k K ) (Fig. 7, A  and B) , indicated a Ͼ16-fold stimulation in hyposmotically challenged FHL124 cells compared with isosmotic controls, translating into apparent K permeability coefficients of about 4 ϫ 10 Ϫ5 and 5 ϫ 10 Ϫ4 cm/s, for 300 and 150 mosM, respectively. The estimated K permeability in isosmotic media is about one order of magnitude higher than that reported for bovine lenses (3 ϫ 10 Ϫ6 cm/s) using tracer K efflux measurements (11) , which may be explained by the uncertainty in cell volume and surface area estimates as well as by species differences. The hyposmotically activated Rb influx and K loss as a function of time were quite similar ( Fig. 8) , which can be interpreted as due to the same process, namely K channelmediated RVD. Whereas these flux studies do not assess opening and closing kinetics of individual channels, they constitute a macroscopic measure of various K channels, most likely IK channels, as well as of the process of RVD inactivation due to gradient dissipation and activation of NKCC inward flux by a variety of shrinkage-induced biochemical processes.
Voltage-gated (K v ) as well as Ca-activated (K Ca ) K channels have been studied by electrophysiological methods in human and animal LECs, especially BK channels (49), outward and inward rectifying K channels (46, 47) , and electrically silent K v channels (48, 51) . To the best of our knowledge, there is no report yet available on the presence of RVD-mediating K Ca 3.1 (IK) channels in human LECs. However, there are several recent electrophysiological studies on the role of K Ca 3.1 channels in RVD of other mammalian cells such as in human T lymphocytes (29) , human parotid gland cells (5, 55) , human intestinal epithelial cells (60) , human embryonic kidney (HEK293) cells (28) , and mouse erythroleukemic cells (59) .
Optical or Coulter counter-type volume measurements were used to study RVD, for example, in Ehrlich ascites cells (24) , or in human corneal epithelial cells (10) and K fluxes to show NEM-and swelling-activated KCC in SV40-transformed mouse LECs (12) . Our results suggest the quick onset of the K-channel-mediated RVD overrides the KCC activity in FHL124 cells. Only external K, but not Na, Rb nor Cs ions, reduced the c k K values in hyposmotic media (Fig. 9) , which means that the flux of K through the RVD-mediating K channels obeyed the Ussing flux ratio equation (see RESULTS). Thus swelling of human lens epithelial cells activated Kselective channels but not nonselective cation channels as reported for other model systems (31, 62) .
Neither typical inhibitors of Big conductance (BK), other voltage-gated K channels, Small conductance (SK) channels, nor known blockers of the connexin family were effective (Table 2) (15) . Only CTZ with an approximate IC 50 of 25 M and completely at 50 M prevented K c loss (Fig. 10) . This concentration range is comparable to published CTZ doses in other epithelial cell systems, with intermediate conductance K Ca 3.1 (IK) channels involved in RVD (29, 60) . TRAM-34, an inhibitor of IK channels not involving the P450 protein like CTZ (56, 66) , also reduced K c loss by ϳ50% and less Rb influx suggesting that the two inhibitors act through different mechanism either at the channel or regulatory level.
Like SK channels, IK channels are regulated by intracellular Ca ions (63) . However, our preliminary studies addressing the external Ca dependence using media chelators such as EDTA were inconclusive suggesting intracellular Ca ions maybe at play during RVD, a commonly held notion. However, preliminary experiments with high (mM) concentrations of external Ni, an inhibitor of Ca-dependent RVD in renal epithelial cells (54) , significantly reduced K loss (data not shown). It should also be noted that K Ca channels may be strech activated and less by a detectable increase in intracellular Ca (21, 28) . The possibility of external ATP activation of the RVD-mediating K channels, shown in other epithelial cells (23) , was ruled out since no K loss occurred under isosmotic conditions in the presence of high (mM) ATP concentrations (data not shown).
The data presented in Figs. 4 and 8 show that the Cl permeability accompanying K efflux or Rb influx apparently was not rate limiting, as Cl replacement with Sf was without major macroscopic effect, in contrast to findings in other cell types (31) . This finding may be attributed to the fact that, to maintain electroneutrality, Cl channels are also activated by cell swelling, in particular volume-sensitive outwardly rectifying (VSOR) Cl channels (41) . Involvement of these VSOR Cl channels cannot be excluded since several blockers of VSOR either completely (DIOA), partially (phloretin, DCIPB), or barely (NA and NPPB) inhibited. The complexity of the use of DIOA can be appreciated in the fact that it inhibited hyposmotically activated K c loss in LECs at similar concentrations blocking KCC in primary cultures of rat vascular smooth muscle cells (3), yet at some 10-fold greater concentrations than used for inhibition of human erythrocyte K-Cl cotransport (19) . Phloretin, known to inhibit volume-sensitive and cAMPactivated but not Ca-activated Cl channels (17) on the other hand, inhibited Ͼ50% of Rb influx, reduced K loss by 30% in NO 3 , and stimulated K loss at highest concentrations in isosmotic media (Fig. 13) . Phloretin is known to inhibit other cation and anion exchangers (14) as well as K channels (53) and hence cannot be considered a diagnostically specific drug. Thus, in comparison, the overall asymmetric inhibition by DIOA and phloretin and partial inhibition by DCIPB, NA, and NPPB suggest indirectly electroneutrality is maintained by swelling activation of presumably VSOR anion channels accompanying K fluxes through IK channels. Other Cl channels Primary antibody dilution was 1:500 and that of the secondary horseradish peroxidase-labeled donkey anti-rb IgG 1:2500 -1:5000. Approximately 75, 50, and 37 kDa protein bands were detected in the FHL124 cells (lanes 1 and 2) . Positive control was rat brain extract (lane 3). B: strong cytoplasmic and membrane immunofluorescence of KCa3.1 (IK) K channels in FHL124 cells using 1/100 diluted primary and 1:500 diluted Cy3-labeled donkey anti-rb IgG as secondary antibody. ϫ10 magnification. Bar indicates 100 m and arrows are cells in mitosis.
inhibited by DIDS, furosemide, TX, 9AC, and MF (see Table  2 ) are excluded since none of these drugs retarded K c . loss. Clearly, a more detailed study of the biophysical, pharmacological, and molecular nature of the anion channel accompanying the apparent IK-channel-mediated RVD is warranted in future studies on LECs.
The RT-PCR, Western blot, and immunochemistry data in Figs. 14 and 15 show unequivocally that FHL124 cells possess K Ca 3.1 (IK) channels, accompanied by Cl fluxes perhaps through VSOR Cl channels (47, 49) . Clearly identified by molecularly and immunological studies (data not shown), a functional role during RVD of other Ca-activated K channels, such as BK and SK1,2, and 3 channels, previously reported in human LECs, was excluded pharmacologically ( Table 2 ).
In summary, the studies reported here shed light on basic mechanisms involved in the maintenance of human LEC VC. Understandably, these mechanisms may play crucial roles also in the LEC to LFC trans-differentiation, involving obliteration of intracellular organelles, reduction of cytoplasm, and maintenance of the plasma membrane with apparently altered passive K permeabilities not yet fully understood in terms of VC (43) . In FHL124 cells, hyposmotically induced RVD was mediated primarily by IK channels putatively coupled to VSOR channels, a powerful mechanism to respond to osmotic challenge. RVD-mediated activation of NKCC1, the predominant isoform in LECs (4), most likely will offset swellingtriggered K loss through IK channels, and thus preserve VC by RVI if these cells would be returned to isosmotic media, a mechanism at play in volume recovery of hypertonically stressed corneal epithelial cells (10) . The clinical significance of VC is underscored by an increased apamin-sensitive K Ca 2.3 (SK3) channel expression in human LECs from patients with myotonic dystrophy type 1 where osmotic perturbation could explain the associated higher occurrence of cataract in these patients (50) . Another example of unexplored mechanisms is the observation that dehydration due to intestinal illnesses also correlates with a greater incidence of cataract (39) .
